Guangxi is one of the provinces having the highest reported incidence of tuberculosis (TB) in China. However, spatial and temporal pattern and causation of the situation are still unclear. In order to detect the spatiotemporal pattern of TB and the association with ecological environment factors in Guangxi Zhuang autonomous region, China, We performed a spatiotemporal analysis with prediction using time series analysis, Moran's I global and local spatial autocorrelation statistics, and space-time scan statistics, to detect temporal and spatial clusters. Spatial panel models were employed to identify the influence factors. The time series analysis shows that the number of reported cases peaked in spring and summer and decreased in autumn and winter with the annual reported incidence of 113.1/100,000 population. Moran's I global statistics were greater than 0 (0.363 -0.536) during the study period. The most significant hot spots were mainly located in the central part. The east part exhibited a low-low relation. By spacetime scanning, the clusters identified were similar to that of the local autocorrelation statistics, and were clustered toward the early of 2016. Duration of sunshine, per capita gross domestic product (PGDP), the recovery rate of TB and participation rate of new cooperative medical care insurance in rural areas had a significant negative association with TB. In conclusion, the reported incidence of TB in Guangxi remains high. The main cluster was located in the central part of Guangxi, a region where promoting the productivity, improving TB treatment pathway and strengthening environmental protective measures (increasing sunshine exposure) are urgently needed.
Introduction
Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB) is a severe public health problem worldwide, especially in developing countries. The burden of TB in China is high. According to World Health Organization (WHO), [1] the number of TB cases reported from China was the third highest globally in 2016, after India and Indonesia. Guangxi is an autonomous region located in southern China and is also regarded as a high TB region with about 50,000 new TB cases reported by NNDRS every year. It is ranked as the third highest TB burden province in China. The annual reported incidence is about 100 cases per 100,000 population.
Geospatial analytical methods are essential tools for increasing our understanding of public health problems. There is an increasing number of studies that have used geospatial analytical methods to analyze disease trends and to detect the association between the health issues and other factors. [2] [3] [4] The TB situation appears complex and spatially heterogeneous in China. [5] [6] Previous studies were based on the provincial and city levels. [7] [8] Until now, few studies have analyzed the spatiotemporal dynamics of TB clusters at the county level in China. [9] Some areas of Guangxi have a higher reported incidence of TB than other areas. Conversely, some areas have a lower level.
In addition, diversity of ecological environment in Guangxi indicates that there are quite possibly have some independent variables influencing the TB transmission.
Unfortunately, studies of TB clustering in Guangxi have rarely been reported in the past.
The mode of TB transmission and driving factors are still unclear. For these reasons, we performed a spatiotemporal analysis of TB in Guangxi between 2010-2016 using time series analysis, spatial statistical analysis, and space-time scan statistics to detect high and low reported incidence areas. Spatial panel data model were employed to identify the environmental influence factors.
Methods

Data collection
Guangxi has a population of about 46 million. It covers an area of 236,700 km 2 and has a 1,020 km border with Vietnam to the south-west. Guangxi is divided into 14 cities containing 113 counties and districts. Currently, Guangxi has three TB control models.
The first one is a Center for Disease Control and Prevention (CDC) model covering 51 counties/districts which integrates TB patient diagnosis, treatment and management into one package. The second is the designated hospital model covering 39 counties/districts which separates the TB patient diagnosis, treatment into the local designated hospital and the patient management into CDC. The third one is a specialist hospital model covering two districts which integrates TB patient diagnosis, treatment and management into one package in a TB specialist hospital. We collected the TB cases from the National Notifiable Disease Reported System (NNDRS) and those reported by General Hospitals, TB designated hospitals, CDC, and specialist hospitals, and verified by the National TB Program (NTP). [10] NNDRS is a multifaceted program that includes a surveillance system for infectious diseases and sharing of data. Public health officers use this information to monitor, control, and prevent the occurrence and spread of nationally notifiable infectious diseases and conditions. The NNDRS records information including name, age, gender, current address, result of sputum test and final diagnosis of TB patients. TB diagnostic routines include symptoms screening, image examination, sputum smear and culture. If a patient is suspected as high risk for Multiple Drug Resistant Tuberculosis (MDR-TB), species identification, drug sensitivity testing and Xpert-MTB/RIF assay will be performed. We excluded patients who were diagnosed with Non-Tuberculosis Mycobacterial (NTM) infection by species identification. Confirmed TB cases are treated in TB designated hospitals, CDC or specialist hospital following the Directly-Observed Treatment Strategy. 
Statistical analysis (a) Time series
The number of TB cases was aggregated by month for trend analysis at time dimension. We conducted the time series analysis at the provincial level retrospectively.
The time series included 84 months starting from January 2010 and ending in December 
(b) Spatial Autocorrelation Analysis
Moran's I enables us to measure spatial autocorrelations [11] and has been widely used in the spatial analysis of TB. [12] [13] A Moran's I value greater than 0 indicates that the reported incidence of TB in neighboring districts exhibit spatial autocorrelation compared to the non-neighboring districts. A value of 0 means that the results may vary slightly due to random permutation. A value less than 0 indicates that there is no significant clustering. [14] A P value less than 0.05 suggests that we can reject the null hypothesis and conclude that there are some spatial autocorrelations in the study area. In order to obtain more robust results, we increased the number of permutations to 999.The global Moran's I statistic is also the mean of the spatial Moran's I statistic.
GeoDa can output the significance map which shows the locations with significant local Moran I statistics in different shades, and a local indicator of spatial association (LISA) cluster map. The high-high (red districts in the cluster map) and low-low (blue districts in the cluster map) locations are typically regarded to be TB spatial clusters, while the high-low and low-high locations (negative local spatial autocorrelation) are termed spatial outliers. While outliers are single locations by definition, this is not the case for clusters.
(c) Space-time Scan Statistic
In order to test spatial and temporal interaction and evaluate the relative risk for each cluster, we calculated the space-time scan statistics developed by Martin Kulldorff using SaTScan™ v 7.0.2. For continuous scan statistics, SaTScan uses a continuous Poisson model. [15] The scanning window is an interval (in time), a circle or an ellipse (in space) or a cylinder with a circular or elliptical base. Multiple different window sizes are used. For each location and size of the scanning window, the window with the maximum likelihood is the most likely cluster, that is, the cluster least likely to be due to chance. [16] The alternative hypothesis is that there is an elevated risk within the window as compared to outside. The space-time scan window with maximum likelihood value is defined to be the most likely cluster and other significant windows are defined to be secondary clusters. [17] R version 3.3.2 was used to display the threedimensional visualization of the scan window.
(d) Spatial panel data models
The models for spatial panel data were used to estimate the association between the ecological environment factors and reported incidence of TB, which could analyze data with spatial dependence, and also enable us to consider spatiotemporal heterogeneity. 
Results
Descriptive analysis of TB cases
Of the 365,179 active TB cases collected from NNDRS. The annual reported incidence of active TB was stable over the whole study period with obvious seasonal fluctuations.
The mean annual reported incidence of active TB was 113.1/100,000 population (108.5 -117.6). Annual active TB reported incidence shown downtrend (Chi-square for linear trend = 159.76, P-value < 0.001). Table   1 the total number cases in 2016 were forecasted to exceed 49 thousand with a peak from March to July and the estimated annual incidence was 108.3 per 100,000 population.
Time series analysis
Spatial Autocorrelation Analysis
As shown in Table 2 , all the Moran's I statistics were greater than 0 (0.363 -0.536).
During the study period, the TB reported incidence of some neighboring districts exhibited spatial autocorrelation compared to the non-neighboring districts. Table 3 shows space-time scan statistics in Guangxi from 2010 to 2016. There was one most likely cluster and three secondary clusters identified. Figure 3 shows that the most likely cluster and secondary cluster #3 were the high reported incidence rate districts ( spatiotemporal hot spots) and included 17 counties/districts while the other two clusters were the low reported incidence rate districts (spatiotemporal spots) and included 34 counties/districts. As the most likely cluster, the center of the circle is Xincheng county with a radius of 77.3 km, and included nine counties. The cluster period persisted from February 2012 until July 2015. Residents of this region and during this time period had a 1.93 times higher risk of developing active TB compared to those living outside this region. The log likelihood ratio was also very high (4957.7). Another hot spot was located in the south of Guangxi near the Vietnamese border, and persisted from April 2014 until December 2015. The two cold spots were located in the eastern and northern parts of Guangxi, and persisted almost across the whole study period with a low relative risk (0.62 and 0.63).
Space-time Scan Statistic
Spatial panel models
As shown in table 2, Moran's I were greater than 0 from 2010 to 2016. It indicated the existence of high spatial dependency on the incidence of TB, thus we took the spatial autocorrelation into consideration. Three panel models with spatial lag and spatial error correlation were fitted (On effect model, fixed effects model and random effects model).
The results are shown in Table 4 . By comparing their rho (ρ), lambda (λ) as well as random effects chinking, we found that the random effects model is better than the other two. Duration of sunshine, per capita gross domestic product (PGDP), the recovery rate of TB and participation rate of new cooperative medical care insurance in rural areas had a significant negative association with the reported incidence of TB.
Discussion
This study explored the spatiotemporal pattern of active TB transmission and its ecological causation using time series analysis, spatial autocorrelation analysis, spacetime scan statistics and spatial panel modeling. The number of active TB cases reported from NNDRS is getting closer to the number estimated by WHO. [1, 18] Thus we feel the results of our study are close to the truth. To our knowledge, this the first study to conduct a spatial panel data analysis of active TB cases in Guangxi, China.
While the global incidence of TB has fallen by an average of 2% annually between 2010 and 2016, from our study, the number of active TB cases in Guangxi has decreased slowly. The annual incidence has remained at a high level (above 100 cases per 100,000 population), slightly lower than the global average of 133.
The times series of TB in Guangxi showed a seasonal trend over the seven-year period with peaks occurring in March and July. This result is similar to previous studies in Guangxi, Pakistan and Portugal. [19] [20] [21] The number of TB cases in 2017 also exceeded 490,000 with an estimated incidence of 108.3 per 100,000 population. The peaks appeared in spring and summer, a pattern similar to India. [22] Some researchers suggest that most TB patients who are infected with MTB in the winter then develop active TB during the next 3-6 months. [23] Furthermore, the delay of TB diagnosis and reporting can also lead to the postponement of peaks. [ 9 ] In this study, we applied Moran's I statistics with EB adjustment to identify the global and local autocorrelation of TB cases at the county level. The statistics of the global Moran's I ranged from 0.363 to 0.536 for all seven years, indicating that TB cases reported by the health department were clustered geographically at the county level with similar incidence rates. Furthermore, It shows high spatial dependency on the incidence of TB. The panel models with spatial lag and spatial error correlation were an excellent choice. 24 The situation of TB clustering has existed for several years in Guangxi. Local patterns of TB cases display the actual location of high-high spots and low-low spots. From the local result, the most significant hot spots (high-high location) were mainly gathered in the central and western parts of Guangxi. Some neighboring districts (Du'an, Yizhou, Xincheng and Xingbin) always exhibited highhigh pattern as the strongest hot spots for all seven years.
The research data has two dimensions (location-based variables and timeline). The space-time scan technique which enable researchers to detect the interaction of space and time has been widely used to find spatiotemporal clusters in cancers, including brain cancer, [25] lung cancer, [26] gastric cancer and breast cancer, [27] [28] and also infectious diseases such as hand-foot-mouth disease, [29, 2] dengue fever and TB. [30] [31] A previous study of spatiotemporal clustering characteristics of TB in China showed that the most likely cluster included Guangxi had a higher TB burden and a higher risk of TB transmission between 2005 and 2011, suggesting that this area should be targeted for TB control and prevention. [7] By using the space-time scan statistic, we detected one most likely cluster and three secondary clusters in Guangxi between 2010 and 2016. These TB clusters were identified similar to that of the Moran's I local autocorrelation statistics but introduced the time variable into the model. Xincheng county is the central point of the most likely cluster, located in the center of Guangxi with a high relative risk occurring between February 2013 and July 2015. The residents of nine neighboring counties in the most likely cluster had a 1.93 times higher risk of developing active TB compared to those living outside these counties. Compared with the high TB reported incidence population, the people living in the eastern areas had a lower risk of TB (RR = 0.62, Table 3 ).
Spatial dependence might exist between the observations at each unit, especially in infectious disease monitoring data. 32 It is the first time for this study to quantify the association between ecological environment factors and TB using spatial models on the basis of longitudinal data from 112 counties for the period 2010 to 2016. The study highlights the random effects of spatial panel models to determine the association between TB and ecological environment factors. The findings showed that the annual reported incidences of TB in Guangxi, China was significantly associated with Duration of sunshine, per capita gross domestic product (PGDP), the recovery rate of TB and participation rate of new cooperative medical care insurance in rural areas. A negative relationship between duration of sunshine and TB reported incidence was observed, which is consistent with the findings of other recent studies. 33, 34 It means that the less someone exposure in the sunshine, the higher risk of the TB he/she get. A mechanism for this relationship is that decreased vitamin D levels with consequent impaired host defense arising from reduced sunshine exposure. 35 It is necessary to educate people to increase the outdoor exercise. The other significant negative variable is PGDP, which is one of the important indexes to measure the economic level. Since poverty was reported as one of the risk factors for TB in the USA, [36] it would be a problem if the high TB incidence rate were associated with low-socioeconomic status in the middle Guangxi. The economies in eastern Guangxi (TB cold spots) which share a boundary with some counties of neighboring Guangdong province (a developed province in China) have developed rapidly. In this study, the lower recovery rate of TB and lowerlevel Medical insurance coverage are both lead to The long-term existence of the source of infection, which is similar to the results of recent studies. [37, 38] The situation of failed TB treatment and out-of-pocket payments with catastrophic consequences will hamper the efforts to end TB.
Limitations
There are some limitations in this study. Firstly, the system was based on passive case findings, a method which is likely to miss some cases. Secondly, we conducted the space-time scan statistic based on a cylindrical scanning window. Since districts are irregular, this might have led to an erroneous judgment of the number of units in a cluster. Unfortunately, the Flex-scan for irregular spatial detecting cannot incorporate time. Thirdly, Some potential risk factors for causation such as environmental pollution and socio-economic factors, which may be associated with the TB clustering, were not included in the spatial model. It due to the lacking of monitoring stations at the county level. [39] [40] [41] 
Conclusion
The situation of TB in Guangxi remains serious. This study detected a spatial and temporal pattern of TB transmission in Guangxi Zhuang autonomous region using spatiotemporal statistics. The main cluster was located in the central part of Guangxi.
Spatial panel modeling with random effects identified that duration of sunshine, per capita gross domestic product (PGDP), the recovery rate of TB and participation rate of new cooperative medical care insurance in rural areas had a significant negative association with the reported incidence of TB. Promoting the productivity, improving TB treatment pathway and strengthening environmental protective measures (increasing sunshine exposure) are the key wards to TB control.
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